The actin-binding protein filamin A (FLNa) affects the intracellular trafficking of various classes of receptors and has a potential role in oncogenesis. However, it is unclear whether FLNa regulates the signaling capacity and/or down-regulation of the activated epidermal growth factor receptor (EGFR). Here it is shown that partial knockdown of FLNa gene expression blocked ligand-induced EGFR responses in metastatic human melanomas. To gain greater insights into the role of FLNa in EGFR activation and intracellular sorting, we used M2 melanoma cells that lack endogenous FLNa and a subclone in which human FLNa cDNA has been stably reintroduced (M2A7 cells). Both tyrosine phosphorylation and ubiquitination of EGFR were significantly lower in epidermal growth factor (EGF)-stimulated M2 cells when compared with M2A7 cells. Moreover, the lack of FLNa interfered with EGFR interaction with the ubiquitin ligase c-Cbl. M2 cells exhibited marked resistance to EGF-induced receptor degradation, which was very active in M2A7 cells. Despite comparable rates of EGF-mediated receptor endocytosis, internalized EGFR colocalized with the lysosomal marker lysosome-associated membrane protein-1 in M2A7 cells but not M2 cells, in which EGFR was found to be sequestered in large vesicles and subsequently accumulated in punctated perinuclear structures after EGF stimulation. These results suggest the requirement of FLNa for efficient EGFR kinase activation and the sorting of endocytosed receptors into the degradation pathway. (Endocrinology
The actin-binding protein filamin A (FLNa) affects the intracellular trafficking of various classes of receptors and has a potential role in oncogenesis. However, it is unclear whether FLNa regulates the signaling capacity and/or down-regulation of the activated epidermal growth factor receptor (EGFR). Here it is shown that partial knockdown of FLNa gene expression blocked ligand-induced EGFR responses in metastatic human melanomas. To gain greater insights into the role of FLNa in EGFR activation and intracellular sorting, we used M2 melanoma cells that lack endogenous FLNa and a subclone in which human FLNa cDNA has been stably reintroduced (M2A7 cells). Both tyrosine phosphorylation and ubiquitination of EGFR were significantly lower in epidermal growth factor (EGF)-stimulated M2 cells when compared with M2A7 cells. Moreover, the lack of FLNa interfered with EGFR interaction with the ubiquitin ligase c-Cbl. M2 cells exhibited marked resistance to EGF-induced receptor degradation, which was very active in M2A7 cells. Despite comparable rates of EGF-mediated receptor endocytosis, internalized EGFR colocalized with the lysosomal marker lysosome-associated membrane protein-1 in M2A7 cells but not M2 cells, in which EGFR was found to be sequestered in large vesicles and subsequently accumulated in punctated perinuclear structures after EGF stimulation. These results suggest the requirement of FLNa for efficient EGFR kinase activation and the sorting of endocytosed receptors into the degradation pathway. (Endocrinology 150: 2551-2560, 2009) F ilamin A (FLNa; ABP280) is a member of the family of ubiquitously expressed actin-binding proteins that has been implicated in many processes including proliferation, cell migration, the formation of blood vessels, and signaling pathways that mediate organogenesis in multiple tissues (reviewed in Refs. 1 and 2). The binding of FLNa to actin helps to form the orthogonal branching of actin filaments that make up the cytoskeleton. FLNa also links actin to a number of receptors at the plasma membrane to regulate their functions within the cell (3) (4) (5) (6) . Emerging evidence suggests that filamin has an important role in recruiting costimulatory molecules to cell surface receptors present in specialized lipid microdomains of the plasma membrane, thus affecting signaling events and cellular responses induced by external stimuli (7, 8) . A significant role for FLNa has been proposed in carcinogenesis: for example, the metallopeptidase activity of prostate-specific membrane antigen is inhibited on binding to FLNa within prostate cancer cells (9) , and the anticancer activity of 1␣,25-dihydroxyvitamin D (3) is associated with up-regulation of FLNa in human SW480-ADH colon cancer cells (10) . FLNa has also been implicated in human melanoma cell migration (11, 12) . In head and neck squamous cell carcinoma, activation of CD44 by hyaluronan increases migra-tion via changes in filamin and activation of the epidermal growth factor receptor (EGFR) (13) . However, the mechanistic link between filamin and early signaling events associated with malignancy remains elusive.
The EGFR family of receptor tyrosine kinases encompasses four members (also known as erbB-1 or EGFR, erbB-2 or HER2/ neu, erbB-3 and erbB-4) that control important aspects of cell proliferation, differentiation, motility, and survival, and their deregulation is implicated in oncogenesis (reviewed in Ref. 14) . The regulation of the pleiotropic responses of EGFR occurs at multiple levels, including receptor compartmentalization in lipid microdomains (15) (16) (17) , ligand-induced receptor dimerization, and endocytosis of activated receptors, which can result in lysosomal degradation of the receptor and termination of the signal or its recycling back to the cell surface (18, 19) . Ligandmediated down-regulation of EGFR requires recruitment of the endocytic machinery for efficient endocytosis. It has become increasingly evident that the distribution of EGFR between various microdomains of the plasma membrane is playing a role in the control of the rate of internalization and degradation of this receptor. In addition to the classical pathways (e.g. clathrin coated pits and uncoated vesicles containing caveolin-1), ligandinduced internalization of EGFR has been also shown to occur by a nonclassical pathway through circular dorsal ruffles (20) .
In this study, we examined the possible relationship between EGFR and FLNa expression in established human melanoma cell lines with varying metastatic potential and in primary cultures of human melanoma biopsies. We then investigated the role of FLNa as putative regulator of ligand-mediated activation and down-regulation of EGFR in human melanoma cells. Our results indicate that knockdown of FLNa expression resulted in the internalization and vesicular sequestration of ligand-bound EGFRs, and their accumulation to a perinuclear location away from the degradation machinery.
Materials and Methods

Materials
Mammalian expression vector pXER-EGFR encoding the EGFR-green fluorescent protein (GFP) construct was obtained from Dr. Alexander Sorkin (University of Colorado Health Sciences Center, Aurora, CO). The mouse monoclonal antihuman lysosome-associated membrane protein (LAMP)-1 antibody developed by Drs. J. Thomas August and James E. K. Hildreth was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by the Department of Biological Sciences, University of Iowa (Iowa City, IA).
Analysis of the Mannheim data set
The Mannheim data are publicly available from National Center for Biotechnology Information's gene expression omnibus (www.ncbi.nlm. nih.gov/geo) under GEO series accession no. GSE4845. This data set was generated from microarray analysis of 45 primary cultures of melanoma biopsies, using HGU133 microarray chips (Affymetrix, Santa Clara, CA). Analysis of the data set for expression of FLNa and EGFR was performed using a Student's two-tailed t test (assuming equal variance) to determine statistical significance between cohorts.
Maintenance of cell lines
The human M2 melanoma cell line and the stable M2 subclone, M2A7 cells, were previously described (6) . The M2A7 cells were cultured with the addition of 500 g/ml of Geneticin (Life Technologies, Carlsbad, CA) to maintain FLNa expression. Geneticin was removed from the medium when M2A7 cells were seeded for all experiments. Maintenance of the G-361, UACC903, M93-047, and UACC647 cell lines were described previously (21) . Franklin Square cell lines were cultured in RPMI 1640 (Life Technologies) supplemented with 4 mM glutamine, penicillin/ streptomycin, and 10% fetal bovine serum (HyClone, Logan, UT).
RNA extraction and cDNA synthesis
RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) and an RNeasy minikit (QIAGEN, Valencia, CA) according to the manufacturer's instructions. Using 1 g RNA, cDNA was synthesized using SuperScript III first strand synthesis SuperMix for quantitative RT-PCR (Invitrogen).
Quantitative real-time PCR
Gene expression was quantified using the SYBR green (Applied Biosystems, Foster City, CA) method of real-time PCR and mRNA levels were compared with standard curves and normalized to 18S mRNA. PCRs were performed in triplicate with universal 18S primers (Ambion, Austin, TX) or 100 nM of each gene-specific primer. The primers for human EGFR ͓forward (5Ј-AGGACCAAGCAACATGGTCA-3Ј) and reverse (5Ј-CCTTGCAGCTGTTTTCACCT-3Ј)͔, FLNa ͓forward (5Ј-GTCGCTCTCAGGAACAGCAG-3Ј) and reverse (5Ј-AGGG-GACGGCCCTTTAAT-3Ј)͔, and HER-2 ͓forward (5Ј-GTCTCTGCCT-TCTACTCTCTACC-3Ј) and reverse (5Ј-GACAGGTCAACAGCCA-CATGA-3Ј)͔ (Integrated DNA Technologies, Coralville, IA) were designed to cross intron-exon junctions. Real-time PCR was performed on an ABI Prism 7300 sequence detection system.
Scratch assays
These assays were carried out as described previously (21) . Once confluent, cells were left untreated or treated with 20 nM epidermal growth factor (EGF; Upstate Biotechnologies, Temecula, CA) or 100 nM AG1478 (Calbiochem, San Diego, CA). Images of the same field were taken every 12 h (G-361 cells) or 3 h (M93-047 cells) until closure of the scratch.
Small interfering RNA (siRNA) transfection
Cells were grown to approximately 80% confluency, washed with PBS, serum starved for 1 h, and then transfected with 150 nM of control or FLNa siRNA (QIAGEN) using LipofectAMINE reagent (Invitrogen). After 5 h, the transfection media was removed and replaced with complete ␣-MEM containing 10% fetal bovine serum. The cells were routinely used 72 h after transfection. The sequences used for the FLNa siRNA were sense reverse (GGAAGAAGAUCCAGCAGAA)dTdT and antisense reverse (UUCUGCUGGAUCUUCUUCC)dAdC and the nonsilencing control sense reverse (UUCUCCGAACGUGUCACGU)dTdT and antisense reverse (ACGUGACACGUUCGGAGAA)dTdT. These HP-validated siRNAs have been demonstrated by QIAGEN to perform efficient knockdown with minimal off-target effects.
EGF binding and internalization assays
EGF binding and internalization assays were carried out with cells grown to confluency on 12-well tissue culture plates. Details are provided in supplemental methods (published as supplemental data on The Endocrine Society's Journals Online web site at http://endo. endojournals.org).
Immunoprecipitation and Western blotting
Cells were lysed in radioimmunoprecipitation assay buffer as described previously (22) . Insoluble material was removed by centrifuga-tion, and the precleared lysates were immunoprecipitated with 2 g of either anti-EGFR (Upstate Biotechnologies) or anti-c-Cbl (Santa Cruz Biotechnology, Santa Cruz, CA) antibody overnight at 4 C. Immune complexes and total cell lysates were subjected to immunoblotting as previously described (22) . Primary affinity-purified antibodies against ubiquitin, c-Cbl, c-Src, EGFR (sc-03), CD82/KAI-1, HSP70, ERK1/2, and inhibitory-B kinase-␣/␤ were from Santa Cruz Biotechnology. Antibody against ␤-tubulin was from Cell Signaling Technology (Danvers, MA), whereas antibodies against FLNa and phosphotyrosine (clone 4G10) were from Research Diagnostics (Concord, MA) and Upstate Biotechnologies, respectively.
Flow cytometry to analyze cell surface EGFR levels
Cells were serum starved for 3-4 h and then incubated with vehicle or 20 nM EGF for 1 h at 37 C. Cells were washed with ice-cold PBS and then treated with an acid-stripping solution to remove prebound EGF. After washing, cells were processed for flow cytometry as outlined in supplemental methods.
Immunofluorescence microscopy
Cells were seeded at 7 ϫ 10 5 cells/well in complete medium into chamber slides (Lab-Tek; Nunc, Rochester, NY). Transient transfections were performed with pXER-EGFR using LipofectAMINE and Plus reagents (Invitrogen). Fortyeight hours later, cells were maintained in serumfree medium for 3-4 h and then incubated with EGF (10 nM) for the indicated times, after which cells were washed, fixed with ice-cold 95% methanol, and blocked as previously described (21) . EGFR-GFP was labeled with Alexa Fluor 488-conjugated rabbit anti-GFP antibody (Molecular Probes, Carlsbad, CA), and LAMP-1 with a mouse monoclonal antibody (Developmental Studies Hybridoma Bank). Anti-LAMP-1 antibody was detected with Alexa Fluor 555-conjugated goat antimouse IgG (Molecular Probes). Cells were mounted in Prolong Gold antifade reagent containing 4Ј,6Ј-diamino-2-phenylindole (Invitrogen) and then analyzed by confocal microscopy using an inverted LSM 510 microscope (Zeiss, Thornwood, NY). Images were processed using the Zeiss LSM Image Browser.
Results
Positive correlation between FLNa and EGFR expression in metastatic melanomas from patients and cell lines
In a recent study, Hoek et al. (23) performed DNA microarray analyses on 45 cultures of melanoma samples (known as the Mannheim data set), and identified three cohorts (A, B, and C), which represent melanoma groups of differing metastatic potential. Cohorts A and B are susceptible to TGF-␤ mediated inhibition of proliferation and have low motility (low metastatic potential), whereas melanomas from cohort C are resistant to TGF-␤ and are highly metastatic. Analysis of the Mannheim data set demonstrated that both FLNa and EGFR were significantly up-regulated in cohort C compared with cohorts A and B (Fig. 1A) . Western blot analysis was used to validate these observations in another set of melanoma cell lines derived from nine patient biopsies (Fig. 1B) . The results demonstrated a positive correlation between FLNa and EGFR expression (R 2 ϭ 0.65, P Ͻ 0.01) (supplemental Fig. 1 ).
Finally, expression of FLNa and EGFR was also examined in a panel of low (G-361), moderate (UACC903), and highly (M93-047 and UACC647) metastatic melanoma cell lines. There was a 5.2 Ϯ 1.5-and 4.3 Ϯ 1.0-fold induction of FLNa in M93-047 and UACC647 cells vs. G-361 cells (P Ͻ 0.05), respectively (Fig .  1C) . Expression of the EGFR protein was markedly higher in the more metastatic cell lines (Fig. 1C ).
To examine whether EGFR status correlates with melanoma motility, we performed a wound-healing assay with the low metastatic G-361 cells and the highly metastatic M93-047 cells. As anticipated, M93-047 cells were markedly more motile than G-361 cells, with 50% closure of the wound at 7 and 26 h, respectively (Fig. 1D, filled circles) . In both cell lines, the scratch closed faster in the presence of EGF, with 50% closure of the wound at 5 and 17 h, respectively (Fig. 1D, open circles) . Furthermore, the EGFR antagonist, AG1478, sharply reduced the basal wound-healing rate in both G-361 and M93-047 melanoma cell lines (Fig. 1D, filled squares) , indicating that locally produced EGF or other members of the EGF family also contributed to the constitutive motility of human melanoma cells.
The importance of FLNa in efficient wound-healing capacities of the metastatic M93-047 cells was then investigated. The rate of basal and EGF-induced wound closure was markedly reduced when knockdown of FLNa by RNA interference was performed, compared with cells treated with control siRNA (Fig. 1E) .
Role of FLNa in ligand-induced EGFR degradation in metastatic melanoma cells
The binding of EGF induces dimerization, autophosphorylation, and activation of EGFR intrinsic tyrosine kinase, which then undergoes ubiquitination and proteolytic degradation (24) . Before assessing the importance of FLNa in effective down-regulation of activated EGFR, we determined the kinetics of ligandinduced receptor activation in M93-047 and UACC647 cells, which express high levels of endogenous EGFR. Addition of EGF elicited rapid increase in the levels of tyrosine phosphorylated EGFR (pY-EGFR), with a maximum at 2.5 min and declining thereafter ( Fig. 2A, top panel) . The levels of total EGFR were decreased over the time course, with more than 50% loss 10 min after EGF stimulation ( Fig. 2A, middle panel) . Reprobing the membrane with anti-c-Cbl confirmed equal protein load in each lane ( Fig. 2A, bottom panel) . To examine the kinetics of EGFR ubiquitination, M93-047 and UACC647 cells were stimulated with EGF, lysed, and EGFR immunoprecipitates were analyzed by Western blotting. The amount of ubiquitin incorporation in EGFR was maximal at 2.5 min after EGF treatment and declined thereafter (Fig. 2B, top panel) , consistent with the phosphorylation data. The total amount of immunoprecipitated EGFR was also rapidly decreased on EGF addition (Fig. 2B, bottom  panel) . These data illustrate efficient ligandinduced activation and degradation of EGFR in these cells.
We next studied whether suppression of FLNa levels was sufficient to alter ligandinduced EGFR down-regulation. M93-047 and UACC647 cells were incubated with control or FLNa siRNA for 48 h, after which EGF was added for periods up to 30 min. As anticipated, there was more than 50% knockdown in FLNa expression after cell incubation with FLNa siRNA, compared with the nonsilencing control siRNA (Fig.  2C) . Reprobing the membrane with anti-ERK1/2 has been performed to exclude the possibility of off-target effects of the FLNa siRNA (Fig. 2C) . EGF had only a minimal effect in promoting EGFR degradation in FLNa-depleted cells (Fig. 2D) , indicating that the lack of FLNa impairs either EGFR kinase activation, its intracellular sorting to lysosomes, or both.
Based on our findings, the human M2 melanoma cell model was then used to independently assess the importance of FLNa in ligand-induced activation and sorting of EGFR. M2 melanoma cells express undetectable levels of endogenous FLNa, whereas the stable M2 subclone, M2A7, expresses human FLNa cDNA (25) . A comparison of the expression profile of FLNa, EGFR, and HER2 mRNAs was carried out with the six human melanoma cell lines used in this study (Table 1) and enabled us to determine that the FLNa mRNA levels in M2A7 cells were similar to those of the highly metastatic melanoma M93-047 and UACC647 cells and were nearly undetectable in M2 cells. The level of FLNa protein expression in M2A7 cells approximated that observed in M93-047 and UACC647 cells (Fig. 3A) . Nonetheless, the EGFR expression levels in M2 cells resembled those found in M2A7, M93-047 and UACC647 cells, with more than 10-to 25-fold higher expression than in the low metastatic G-361 cells. Of interest, no difference in the levels of the protooncogene HER2/neu was observed among the cell lines studied ( Table 1) .
Based of these results, M2 and M2A7 melanoma cells were used to determine the contribution of FLNa to EGFR activation and degradation. Scatchard analysis indicated similar binding constants but 4.5-fold higher cell surface EGF receptor numbers for M2 cells compared with M2A7 cells (supplemental Fig. 2) . Nonetheless, cells were treated with EGF for various times, and extracts were analyzed by Western blot for changes in the levels of phosphorylated EGFR (pY-EGFR) and total EGFR levels. In both cell lines, addition of EGF elicited rapid tyrosine phosphorylation of EGFR with a maximum at 2.5 min and declining thereafter (Fig. 3B, top panel) . The amount of intact EGFR was sharply reduced in a time-dependent fashion in M2A7 cells after EGF treatment but not in M2 cells (Fig. 3B, second panel, lanes  6 -10 vs. 1-5 ). It is noteworthy that the basal levels of EGFR expression in M2 cells were 2.5-fold higher compared with M2A7 cells (Fig. 3B, second panel, lane 5 vs. 6 ). In several instances, FLNa migrates as a double band, which results from proteolytic cleavage at hinge 2 of the molecule (2). Quantifications of the ratio of phosphorylated to total EGFR proteins showed that the ligand-induced increase in pY-EGFR levels in M2 cells was about 20% compared with M2A7 cells (Fig. 3C) . Taken together, these results are consistent with the previous data showing that the knockdown of FLNa levels by siRNA can reduce the extent of EGF-mediated receptor proteolysis (Fig.  2D) , and illustrate a mechanism that limits ligand-induced degradation of EGFR. No parallel change in insulin receptor content was detectable (Fig. 3D) . We inferred specificity to EGFR because no changes of insulin receptor levels were observed in M2 an M2A7 cells stimulated with insulin (6) . Pretreatment of M2A7 cells with the selective EGFR kinase inhibitor, AG1478, blocked EGF-induced EGFR degradation (Fig. 3D) , consistent with a requirement for EGFR kinase activity in this process.
Next, the kinetics of EGFR ubiquitination was studied. Control and EGF-stimulated cells were lysed, and EGFR immunoprecipitates were analyzed for the presence of ubiquitinated EGFR by Western blotting. The amount of ubiquitin incorporation was maximal at 2.5 min after EGF treatment and declined thereafter (Fig. 3E) . Ligand-induced EGFR ubiquitination was significantly lower (ϳ4-fold) in M2 cells compared with M2A7 cells both before (Fig. 3E ) and after quantifications of the ratio of ubiquitinated to total EGFR protein levels (Fig. 3F, top panel) , in agreement with the phosphorylation data. The ubiquitination of EGFR requires physical association with the ubiquitin ligase c-Cbl (26, 27) . The ligand-induced interaction between EGFR and c-Cbl was markedly lower in M2 cells compared with M2A7 cells, both before (Fig. 3E, lower panel) and after quantification of the ratio of bound c-Cbl to total EGFR proteins (Fig. 3F, lower  panel) . The kinetics of dissociation of c-Cbl from EGFR was linked with receptor deubiquitination. It is noteworthy that the extent of c-Cbl phosphorylation in response to EGF was comparable in both cell lines (Fig. 3G ). Taken together, these studies indicate that a significant portion of cell surface EGFR appears refractory to ligand-induced activation and degradation in FLNa-deficient M2 cells.
FLNa-dependent sequestration and sorting of endocytosed EGFR to lysosomes
Impaired degradation of ligand-induced EGFR in M2 cells could result from inefficient endocytosis and/or poor transfer of endocytosed receptors to lysosomes. To address whether the expression of FLNa has any effect on the rate of receptor-mediated EGF uptake, a bolus of exogenous 125 I-labeled EGF was given at 4 C to bind cell surface EGFR. Cells were returned for different time points at 37 C, which allows for occupancy-dependent EGFR trafficking. After glycine stripping treatment to remove surface-bound 125 I-labeled EGF, the residual radioactivity was counted and used as an index of EGFR internalization. After 10 min, the relative amount of intracellular 125 I-EGF was nearly doubled in M2 cells compared with M2A7 cells (Fig. 4A ), probably as a consequence of increased cell surface EGFR expression in M2 cells (see above). When normalized to their respective maximum, the initial rate of uptake was slightly faster in M2A7 cells compared with M2 cells (Fig. 4B) . The presence of sucrose, a known endocytosis inhibitor, counteracted EGFR-induced 125 I-EGF uptake in both cell lines, indicating the importance of the endocytic process in the internalization of EGFR (data not shown).
To independently examine EGFR uptake, cells were fixed, stained with an antibody that recognizes the extracellular domain of EGFR, and then analyzed by flow cytometry (Fig. 4C) . The fluorescence-activated cell sorter data revealed the presence of two fluorescent peaks, with the lower one corresponding to the phycoerythrin conjugated IgG control. The mean peak values of cell surface EGFR are represented in the graph shown in Fig. 4D . Unstimulated M2 cells exhibited about 3.5-fold higher levels of cell surface EGFR expression as compared with M2A7 cells (Fig. 4D, open bars) , consistent with the Scatchard analysis (see above). Cells were also treated with EGF after which an acid wash step was performed to remove prebound cell surface EGF before fixing. The amount of EGFR present at the plasma membrane was markedly reduced in both cell types (Ն70%) on EGF stimulation (Fig. 4, C and D, filled bars) . Control experiments indicated that the acid wash procedure effectively stripped prebound 125 I-EGF (data not shown).
To further confirm the differential ligand-induced EGFR stability between M2 and M2A7 cells, a second set of cells was incubated for 1 h in the presence or absence of EGF, lysed, and analyzed by Western blot. There was no ligand-induced receptor degradation in M2 cells, in sharp contrast to the near complete depletion of EGFR after EGF treatment of M2A7 cells (Fig. 4E) . Combined with the results from Fig. 4 , A-D, these data illustrate that EGFR is internalized normally in both cell types in the presence of EGF but that endocytosed EGFR is sorted into the degradation pathway only in FLNa-expressing M2A7 cells.
To study intracellular EGFR itinerary, M2 and M2A7 cells were transiently transfected with EGFR-GFP, and its subcellular distribution was analyzed by immunofluorescence and confocal microscopy. After fixation, the cells were immunostained for GFP and LAMP-1, a membrane protein marker of late endosomes and lysosomes. Experiments conducted without ligand revealed the presence of EGFR on the cell surface (Fig. 5) . In M2 cells, EGF promoted a time-dependent endocytosis of EGFR in vesicles that were LAMP-1 negative (Fig. 5A, right  panels) , whereas in M2A7 cells, a good portion of the EGFRs was confined to LAMP-1 positive vesicles 5 min after EGF treatment (Fig. 5B, right panels) . By 25 min of stimulation, EGFR-GFP-containing vesicles moved away from the cell surface and segregated as punctuated structures at the perinuclear region of M2 cells (Fig. 5A, bottom panels) . The absence of detectable EGFR proteolytic degradation in M2 cells was associated with a distinctive pattern of LAMP-1 staining compared with FLNaexpressing M2A7 cells. Similar perinuclear LAMP staining was observed in M2A7, M93-047, and UACC647 cells (supplemental Fig. 3 ). These data indicate that FLNa could have an important role in EGFR delivery into the degradation pathway.
Biological activity of EGFR in M2 and M2A7 cells
To determine whether absolute number or fraction of activated cell surface receptors dictates the intensity of EGF signal, M2 and M2A7 cells were stimulated with EGF for 10 min, lysed, and the lysates analyzed by Western blotting. The amount of EGF-induced Shc and ERK1/2 phosphorylation was comparable in both cell lines, despite higher EGFR expression in FLNa-deficient M2 cells (Fig. 6 ).
Discussion
In this work, EGFR expression was found to be up-regulated in highly metastatic melanomas from patient biopsies and cell lines, with a modest increase in FLNa levels. Both the basal and EGF- 
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stimulated rate of cell motility, as assessed by wound-healing assays, correlated with the expression of endogenous EGFR, consistent with earlier reports showing that EGFR activation plays an important role in melanoma cell motility (28, 29) . Accordingly, pharmacological inhibition of EGFR significantly reduced the basal rate of gap closure, which supports the notion that endogenously produced members of the EGF family contribute to this EGFR response. However, the difference in the rate of cell motility between G-361 (low metastatic) and M93-047 (highly invasive) cells persisted in the absence of EGFR kinase activity (Fig. 1D) , indicating that different levels of EGFR expression contribute only partly in melanoma cell migration. Of importance, because FLNa emerges from this study as a player for both basal and EGF-induced cell motility (Fig. 1E) , its regulatory role in the activation and intracellular trafficking of EGFR may be quite extensive.
The results we present identify FLNa as a major component of the down-regulation process of EGFR. Incidentally, siRNAmediated knockdown of FLNa expression interferes with the mechanism of ligand-dependent degradation of the activated receptors in the two highly metastatic melanoma lines, M93-047 and UACC647 (Fig. 2D) . Because of high levels of FLNa expression in these cells, the attenuation in FLNa expression was only partial. To circumvent effects reflecting partial silencing of FLNa, we used human M2 melanoma cell model in all following experiments. This model has been extensively used to study the role of FLNa in various aspects of cell signaling and biological processes (4 -6, 11, 30 -37) .
Ectopic expression of FLNa in M2A7 cells led to an approximately 2.5-fold reduction in EGFR mRNA (Table 1) and protein (Fig. 3 ) levels when compared with the isogenic M2 cells. It is possible that FLNa has several roles in EGFR gene expression, such that in the absence of FLNa (e.g. M2 cells), increased mRNA stability, mRNA localization, and/or translational efficiency of EGFR may occur. Further investigation of such mechanism falls outside the scope of this paper, as EGFRs were found to be inserted in the plasma membrane and bind EGF with the same affinity, irrespective of the presence or absence of FLNa. Nevertheless, the potential impact that varying levels of EGFR expression has in some of the observed differences in EGF signaling between M2 and M2A7 cells (irrespective of the expression level of FLNa) cannot be ignored. Our data demonstrate the presence of a large pool of cell surface EGFR in M2 cells (FLNa deficient) that is refractory to ligand-induced phosphorylation and ubiquitination when compared with its M2A7 subclone stably expressing FLNa cDNA. Such inefficient activation of the receptor autophosphorylation may prevent conformational changes required for EGFR to associate with molecules viewed as critical for endocytosis through clathrin-coated pits (38 -42) . However, the rate of ligand-induced EGFR internalization was found to be unaffected by the level of FLNa expression. The simplest interpretation is that nonclathrin pathways may be implicated in the rapid sequestration and cellular entry of large numbers of EGFR in response to EGF, independent of the actin-binding properties of FLNa. This observation is consistent with the study of Orth et al. (20) , who reported that various cell types form a transient structure, known as circular dorsal ruffles, that promotes ligand-induced internalization of EGFR.
Our present study shows that the levels of ligand-induced EGFR ubiquitination and association with the ubiquitin ligase, c-Cbl, are also significantly reduced in the absence of FLNa. It is likely that this actin-binding protein elicits a key role in EGFR function by catalyzing the formation of EGF-inducible complexes of c-Cbl with interacting molecules that is necessary for both the transmission and ultimate termination of EGFR signaling. It should be noted that c-Cbl-mediated ubiquitination is not needed for EGFR internalization but is required for the exit of the receptor from early endosomes and its subsequent trafficking to the lysosomes (43, 44) . Besides c-Cbl, many accessory proteins interact with a subset of tyrosine phosphorylated residues within the cytoplasmic domain of activated EGFR; these phosphotyrosine moieties serve as docking sites for SH2 domaincontaining signaling molecules, including the protein tyrosine phosphatase SHP-1, phospholipase C-␥1, c-Cbl, and protein kinase C (45) (46) (47) (48) . The latter site (Tyr845) does not belong to the autophosphorylation sites but appears to be phosphorylated by c-Src post-EGF stimulation (49) . Possibly, the absence of FLNa prevents ligand-induced phosphorylation at specific receptor sites, thereby limiting EGFR association with signaling intermediates involved in protein-protein interactions responsible for intracellular EGFR processing.
Ligand-activated endocytosed EGFR was not efficiently transferred to lysosomes in M2 cells and was specifically targeted for lysosomal degradation in FLNa-expressing M2A7 cells. This conclusion was reached based on independent lines of evidence. First, EGF-mediated EGFR uptake was accompanied by minimal degradation of the receptor in the absence of FLNa. Second, confocal microscopy analysis in M2 cells revealed that endocytosed EGFR distributed with intracellular vesicles that were negative for LAMP-1, a lysosomal marker (Fig. 5) . Like FLNa, EGFR is an actin-binding protein, as revealed by in vitro and in vivo interactions with F-actin (50, 51) . Using cell fractionation assays, others have demonstrated sorting from the degradation pathway of an EGFR mutant that lacks its actin-binding domain (52) . We speculate that the lack of FLNa could interfere with EGFR binding to actin and therefore hamper proper EGFR sorting. Interestingly, Liu et al. (53) showed that the sorting of furin from the cell surface to early endosomes is independent of FLNa but that the trafficking of molecules into late endocytic and lysosomal compartments requires FLNa. The association of filamin with the lipid phosphatase SHIP-2 allows its translocation from the cytosol to membrane ruffles after growth factor stimulation (8) , whereas the endocytic sorting and recycling of the internalized G protein-coupled calcitonin receptor are deficient in the absence of FLNa (54) . Finally, -opioid receptor downregulation and intracellular trafficking depends on the presence of FLNa (32) . Therefore, these data support the concept that FLNa plays an important role in generic steps in vesicular transport and protein trafficking. It follows therefore that FLNa deficiency may elicit a pleiotropic defect in late endosome/lysosomal organelle distribution rather than a more specific defect in EGFR lysosomal targeting.
As shown in the study herein, the fraction of activated EGFR was markedly lower in M2 vs. M2A7 cells, whereas the absolute number of activated receptors (Fig. 3B, 3E ) and EGF responsiveness (Fig. 6 ) appeared to be comparable. This points to the presence of a significant pool of cell surface EGFRs in M2 cells that binds EGF with high affinity but is unable to undergo activation. These refractory receptors could provide a reserve for subsequent signaling and support the concept of spare receptors (55, 56) .
In conclusion, the molecular mechanism behind the function of FLNa in ligand-induced activation and intracellular sorting of EGFR remains unclear. Perhaps the association of FLNa with other structural proteins is required to facilitate ligand-induced EGFR phosphorylation and its recruitment by clathrin-coated vesicles for proper trafficking into the lysosomal pathway. It is possible that abrogation of normal actin polymerization and impaired formation of protein scaffolds affects EGFR localization to various microdomains at the plasma membrane and their trafficking. In this regard, the coat protein caveolin-1 has been shown to constitutively bind EGFR and attenuate ligand-induced EGFR activity (57, 58) . Moreover, the segregation of caveolin-1 controls the formation of caveolae and the regulation of raft-dependent endocytosis (59) . Through its scaffolding properties, FLNa likely provides a platform for protein-protein interactions with membrane coat proteins and the cytoskeleton network, which in turn ensures efficient EGFR activation, intracellular trafficking, and degradation.
